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Okjeetives . This study was conducted to measure the cardiac
constraining effect of the lungs during positive end-expiratory
pressure and relate extracardiac pleural pressure (radial stress) to
airway pressure, right atrial pressure and left ventricular filling .
Background. During positive end-expinAtory pressure ventila-
tion, the extracardiae pressure is elevated, and therefore intra-
cavilary filling pressure does not reflect ventricular preload .
Estimates of this pressure might be useful clinically to assess left
ventricular preload .
Methods. In eight patients who had undergone coronary or
valvular surgery and whose pericardium was left widely open, a
flat pleural balloon transducer was placed over the anterolateral
left ventricular wall. We recorded pulmonary capillary wedge
pressure, right atria[ pressure and left ventricular short-axis
end-diastolic area by transesophageal echocardiography . Incre-
mental positive end-expiratory pressure was applied .
Results. Extracardiac pleural pressure increased (p < 0 .01)
from 0.6 ± 1.8 (±SD) to 2.4 ± 1 .8, 5.3 ± 1 .5 and 8.2 ±
1.5 mm Hg at a positive end-expiratory pressure of 5, 10 and
15 cm H 20, respectively . The slope relating extracardiac pleural
pressure to positive end-expiratoiry pressure (in mm Hg) was
The application of positive end-expiratory pressure leads to
increased left and right ventricular intracavitary filling pres-
sures, but a reduction in left ventricular end-diastolic volume
(1-4) . Clinically, this represents a significant problem in that
the measured filling pressures cannot be used conventionally to
assess preload .
Direct measurement of transmural filling pressure would
require the introduction of a device for measuring extracar-
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0.70 ± 0 . 10, and the intercept was zero . Increasing extracardiac
pleural pressure was associated with a progressive i ncrease in
pulmonary capillary wedge pressure and a decrease in left ven-
tricular end-diastolic area . Consequently, although pulmonary
capillary wedge pressure and left ventricular area changed in
opposite directions, the value of pulmonary capillary wedge
pressure minus extracardiac pleural pressure correlated positively
with left ventricular area (r = 0 .95, p < 0,001). Changes in right
atrial pressure (Pra) correlated with changes in extracardiac
pleural pressure (Ppleural) : APra = -0.3 + 0.56-APpleural
(r = 0.89, p < 0.001) .
Conclusions . In postoperative patients with open pericardium,
pulmonary capillary wedge pressure minus extracardiac pleural
pressure predicts left ventricular end-diastolic area during positive
end-expiratory pressure . Further studies should be done to deter-
mine whether the observed relations between airway pressure and
extracardiac pleural pressure and between right atrial pressure and
extracardiac pleural pressure may give clinically useful estimates of
left ventricular preload during positive end-expiratory pressure.
(J Am Coll Cardiol 1994 ;23:753-8)
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diac pressure . Alternatively, there might be a way to indi-
rectly estimate extracardiac pressure . Several experimental
studies (5,6) have been undertaken, but we are aware of no
study in patients in which juxtacardiac pleural pressure has
been related to airway pressure during positive end-
expiratory pressure . Previous studies (7,8) have estimated
extracardiac pleural pressure indirectly by an esophageal
balloon transducer. Others (1,3) have used intrathoracic
open-ended catheters, which may not truly reflect the car-
diac constraining effect of the lungs (9,10) .
The present study was designed to directly measure
changes in extracardiac pleural pressure during positive
end-expiratory pressure and to relate extracardiac pleural
pressure to airway pressure, right atrial pressure and left
ventricular filling, In patients with open pericardium after
heart surgery, a pleural balloon transducer was implanted
directly overlying the left ventricle and measurements were
done during incremental positive end-expiratory pressure .
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T&W 1. Patient Characteristics
CABG - coronary artery bypass grafting ; M - male; MVR = mitral valve
re *ernenl ; Pt - patient .
Measurements were done with the sternum adapted and
after completion of the surgery with the chest closed .
Methods
Study patients (Table 1). Of the eight patients studied,
seven were scheduled for coronary bypass surgery and one
for mitral valve replacement . No patient had lung disease .
Written informed consent was obtained before participa-
tion in this study, and the protocol had been previously
revised and approved by the institutional ethics committee
on human research .
The patients were anesthetized with the use of a predom-
inant narcotic technique supplemented by inhalational
agents. Ventilation was adjusted to maintain normal arterial
blood gases and end-tidal carbon dioxide, using volume-
controlled ventilators (Servo 900C (Siemens), Bear-11 [Bear
Medical Systems Inc.] and MA-2 [Puritan Bennet Com-
pany[). The chest was opened by a median sternotomy .
Right atrial and pulmonary artery pressures were recoi 4ed
using thermodilution flow-directed catheters (Opticat,% .
P7110-EH [Abbot Laboratories] or Criticath SP5107H
fSpectramed)). Extracardiac pleural pressure was recorded
by a 3 x 3-cm flat Silastic balloon attached to an 8F still'
cardiac catheter. During the study, the balloons were filled
with a volume of saline solution, which was determined by
calibration before gas sterilization (10,11) . Immediately after
each study, the calibration was repeated and the balloons
were found to function appropriately . Pressure catheters
were connected to Viggo 072911 transducers (Spectramed) .
At the end of cardiac surgery, the pericardium was left
widely open. A balloon transducer was placed directly
overlying the left ventricular anterolateral wall and was
stitched to the pericardium by a single suture. The level of
the balloon outside the mid-left ventricle was used as refer-
ence for zero pressure .
Pressures and electrocardiograms were recorded at a
paper speed of 50 mm/s (model VR12, Electronics for
Mediciamlloneywell) .
A 5-MHz transesophageal echocardiographic probe was
positioned to obtain stable transgastric short-axis images of
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the left ventricle at the level of the papillary muscles or
chordae tendineae . The probe was interfaced with a Sonos
1000 echoscope (Hewlett-Packard) and images were re-
corded on videotape for later analysis . Subsequently, the
maximal area of the endocardium of the left ventricle at
end-diastole was determined by planimetry by a single
observer who used standard software and was unaware of
the level of positive end-expiratory pressure .
Because positive end-expiratory pressure may "lift" the
heart and thus change the vertical height of the liquid-
containing balloon transducer, there could be spurious
changes in extra cardiac pleural pressure . In three patients
with the sternum adapted, we assessed the magnitude of
such a hydrostatic column effect by recording pressure in a
tube that was stitched to the pericardium . The tube was filled
with saline solution to the point where it was stitched to the
pericardium,
and the open end of the tube was left outside
the chest. A change in the height of this hydrostatic column
was directly measured as a change in pressure .
Positive end-expiratory pressure was applied incremen-
tally at 5, 10 and 15 cm HQ for 2 to 5 On at each level .
Measurements were done at end-expiration . In seven of the
eight study patients, positive end-expiratory pressure was
applied while the edges of the sternum were adapted by use
of clamps. In six patients, positive end-expiratory pressure
was applied after the chest wall had been surgically closed in
layers. Suction was applied to the drainage tubes except
during recordings ; then the drainage tubes were clamped .
The balloon catheter exited the chest wall beside a chest
tube and was removed at the end of the study . There were no
complications from this procedure .
Statistical analysis. The relation between different levels
of positive end-expiratory pressure and the various hemo-
dynamic variables was analyzed with a multiple regression
model, including dummy variables to account for between-
patient differences (12) . The dummy variables (0, 1 and -1)
were used to encode the different subjects. This analysis
allows estimation of an overall regression line while the
regression line of each subject is shifted up or down in a
parallel fashion from this overall line . The between-patient
deviation from the overall line is accounted for by the
dummy variables. The analysis gives a coefficient (b) that
expresses the deviation from the overall average for each
patient. The between-patient variability is computed as the
standard deviation (SD) of the coefficient b (13). A p value <
0.05 was considered significant .
Results
The application of positive end-expiratory pressure
caused a progressive increase in extracardiac pleural pres-
sure (Fig. 1). In the pooled data from all patients extracar-
diac pleural pressure increased (p < 0 .01) from 0.6 ±
1 .8 (±SD) mm Hg at zero positive end-expiratory pressure
to 2.4 ± 1.8, 5.3 ± 1 .5 and 8.2 ± 1.5 mm Hg at a positive
end-expiratory pressure of 5, 10 and 15 cm H 20, respec-
Pt
No .
Age "r)!
Gender
Surgical
Procedure
I 69/M
CABO
2 68/M
CABO
3 561M
CABG
4 57/M
CABG
5 60/M CABG
6 711M
Repeat CABG
7 69MIM
Repeat CABG
8 6WM
Repeat MVR
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tively. For the pooled data, multiple regression of extracar-
diac pleural pressure versus positive end-expiratory pres-
sure (both in mm Hg) was done with dummy variables to
account for between-patient variability: extracardiac pleural
pressure = 0 .35 + 0.70 x positive end-expiratory pressure
(r = 0.97, p < 0 .0001, SD of b = 1 .6). Individual data are
presented in Fable 2 and Fig . 2 . There was no significant
difference between the effect of positive end-expiratory
pressure on extracardiac pleural pressure with the sternum
adapted by clamps and its effect after the chest had been
surgically closed .
Although the pericardium was split, it enclosed most of
the left ventricular free wall and may have exerted a restrain-
ing effect on the left ventricle . We had no measure of
pressure inside this widely open pericardium . We used the
value of pulmonary capillary wedge pressure - extracardiac
pleural pressure as an approximation of left ventricular
transmural pressure . Figure 3 shows that positive end-
expiratory pressure caused a progressive increase in pulmo-
nary capillary wedge pressure and an upward and leftward
shift of the relation between pulmonary capillary wedge
pressure and left ventricular area . There were, however,
concordant changes in the value of pulmonary capillary
wedge pressure - extracardiac pleural pressure and in left
Table 2. Linear Regression of Pleural Versus Positive End-
Expiratory Pressure Level (mm Hg) for Individual Patients
Chest Adapted*
	
Chest Closedt
*The edges of the sternum were adapfp'. by clamps
. tThe chest wall was
surgically closed in layers . Pt = patier : .
PEEP level (crnH,
)0)
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10 15
Figure t . Pressure tracings from a single patient . For this particular
recording, positive end-expiratory pressure (PEEP) was increased
quickly from 0 to 15 cm 11 20
. The large oscillations are due to
respiration. PPCW = pulmonary capillary wedge pressure ;
Ppleural ® pleural pressure ; PRA = right atrial pressure .
ventricular cross-sectional area . Figure 4 shows the mean
results for the six patients in whom we measured left
ventricular area. Although pulmonary capillary wedge pres-
sure tended to vary inversely with left ventricular area, there
was a positive correlation between the value of pulmonary
capillary wedge pressure - extracardiac pleural pressure
and left ventricular area
(CM2
) as: pulmonary capillary wedge
pressure - extracardiac pleural pressure = -4 .4 + 0 .68-left
ventricular area (p < 0.001, r = 0,95, SD of b = 3.3) .
There was a progressive increase (p < 0 .01) in intracav-
itary right atrial pressure from 5 .7 ± 2 .5 (±SD) mm Hg at
zero positive end-expiratory pressure to 6 .3 ± 2 .1, 7.9 ± 2.0
and 10.2 ± 1 .9 mm Hg at a positive end-expiratory pressure
of 5, 10 and 15 cm H,0, respectively . Figure 5 shows that the
changes in pleural pressure exceeded the changes in right
atrial pressure : Aright atrial pressure = -0 .2 + 0.56-Aextra-
Figure 2
. Individual data in patients with the chest surgically closed .
Changes in extracardiac pleural pressure (Ppleural) are indicated
.
Patients indicated by the symbols 0, A and 0 had undergone repeat
operation . PEEP = positive end-expiratory pressure
.
0
0
3 .7 7 .4
5 10
PEEP
11 .1 (mmHg)
15 (cmH2O)
Pt
No . Slope Intercept
r
Value Slope Intercept
r
Value
1 0.88 0.1 0.92
2 0.67 2.0 0.98
3
0.70 0 .9 0.98 0 .77 -0.2 0 .98
4 0 .75 -0 .8 0.98 0 .68
0.8 0 .97
5 0.64 1 .6 0.99 0 .47 2.3 0 .94
6 0 .64 0 .9 1 .00 0 .69 -0.2 1 .00
7 0 .76 1 .1 1 .00
8 0 .76 -3 .7 0.98 0 .75 -3 .2
0.99
Mean 0.72 0 .1 0.98 0 .69
0.1 0.98
*-SD 0.09 1 .9 0.03 0.11
1 .9 0.02
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Flpm 3. Effect of positive end-expiratory pressure (PEEP) on
pressure and left ventricular (LV) short-axis end-diastolic area in a
single patient. Numbers above closed circles indicate positive end-
expiratory pressure level in cm 1.1 20. Abbreviations as in Figure 1 .
cardiac pleural pressure (p < 0 .001, r = 0.89, SD of b =
0.54). For the absolute values: right atrial pressure = 5 .2 +
0.52-extracardiac pleural pressure (p < 0.001, r = 0 .93, SD of
b = 2.0) .
In each of the three patients in whom the vertical "lift-
ing" of the heart during positive end-expiratory pressure
was measured, this effect was small (<I mm Hg at a positive
end-expiratory pressure of 15 cm H2
0) .
Discussion
In the present study, positive end-expiratory pressure
caused a progressive increase in extracardiac pleural pres-
Figure 4 . Effects of positive end-expiratory pressure (PEEP) on
pressures and hoft ventricular (LV) short-axis end-diastolic area .
Data are mean value ± SEM from six patients . Left ventricular area
is reported as percent of the value at zero positive end-expiratory
pressure . All variables showed statistically significam changes (p <
0.01). Abbreviations as in Figure 1 .
0 3
.7 7.4 11 . 1 (mmHg)
0
5 10 15 (cmH2
O)
PEEP level
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Figure 5. Relation between positive end-expiratory pressure-
induced changes in right atrial pressure and pleural pressure .
sure and a decrease in left ventricular end-diastolic area .
Although pulmonary capillary wedge pressure, representing
intracavitary filling pressure, varied inversely with left ven-
tricular dimension, the value of pulmonary capillary wedge
pressure - extracardiac pleural pressure showed a strong
positive correlation with left ventricular area .
Comments on methodology. During positive end-
expiratory pressure, the hyperinflated lungs exert a direct
compressive force on the cardiac surface, thus impeding left
ventricular filling . The balloon transducer used in the present
study is designed to record this radial stress (force per unit of
area) in the heart-lung interface (9), When using liquid-
containing balloons, however, one needs to be aware of
changes in the recorded pressure caused by changes in the
height of the hydrostatic column inside the balloon catheter .
Marini et al. (14) have shown that positive end-expiratory
pressure causes the heart to lift and tilt in the sagittal plane,
thereby exaggerating the change in extracardiac pleural
pressure . In the present study, this hydrostatic effect was
found to be small .
In contrast to liquid-containing balloons, in air-filled
balloon catheters, the pressure recorded is independent of
balloon position relative to the transducer . Although this is
an advantage for accurate determination of the absolute
extracardiac pressure, it might lead to errors in the determi-
nation of transmural filling pressure . If the heart is lifted
while intracardiac pressure is recorded by a liquid-filled
catheter and extracardiac pressure by an air-filled balloon
catheter, this will be recorded as a spurious increase in
transmural pressure . A more important problem with air-
filled balloons, however, is the compressibility of air, which
leads to different balloon volumes at different pressures and
complicates calibration of the sensor (15) .
Several investigators (16-18) have recorded pleural pres-
sitire from a rib capsule, thereby using a minimally invasive
technique. DeVriens-Owen and Tyberg (19) have measured
pericardial pressure by a device that is analogous to the rib
capsule technique . With this device, they found pressures
that were similar to those recorded by a flat liquid-containing
10
a
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balloon, indicating that the radial extracardiac stress can be
recorded by either method .
Clinical implications . In patients with positive end-
expiratory pressure ventilation, the utility of the Swan-Ganz
catheter is severely limited by the lack of a meaningful
measure of left ventricular filling pressure . An estimate of
extraventricular pressure would allow calculation of left
ventricular transmural filling pressure . This would be a very
helpful guide to volume therapy and would allow interpreta-
tion of changes in stroke volume in relation to the Frank-
Starling mechanism . Therefore, a question of considerable
clinical interest has been whether the increase in extracar-
diac pressure during positive end-expiratory pressure can be
approximated as a fraction of the end-expiratory airway
pressure . In the present study, juxtacardiac pleural pressure
on average was about 70% of the positive end-expiratory
pressure level in mm Hg (or 50% of the positive end-
expiratory pressure level in cm H 20). however, there was
considerable individual variation in pleural pressure at given
levels of positive end-expiratory pressure ; with a positive
end-expiratory pressure of 15 cm H 20, the increase in
extracardiac pleural pressure ranged from 5 to 9 mm Hg .
Although this scatter is too wide to allow accurate estimation
of extracardiac pie -J pressure, it still might be clinically
helpful for achieving semiquantitative information about left
ventricular transmural filling pressure during positive end-
expiratory pressure .
This study did not include patients with clinically overt
lung disease or pulmonary congestion in whom one would
expect transmission of airway pressure to be reduced com-
pared with that in our patients (20,21) . We observed a rather
close relation between changes in right atrial pressure and
changes in extracardiac pleural pressure, suggesting that
right atrial pressure might be used to estimate extraventric-
ular constraint during positive end-expiratory pressure .
To determine whether such semiquantitative data will be
clinically useful, a larger clinical trial is needed that re-
lates estimates of transmural filling pressure derived from
these relations to indexes of left ventricular end-diastolic
volume .
A problem in assessing left ventricular preload is the lack
of a perfect relation between pulmonary capillary wedge
pressure and left atrial pressure. Jardin et al . (2) showed that
the relation was adequate up to a positive end-expiratory
pressure of 10 cm
H20,
whereas pulmonary capillary wedge
pressure tended to overestimate left atria] pressure at a
positive end-expiratory pressure of L-15 cm
H20
. This
means that transmural filling pressures may be overesti-
mated at the highest levels of positive end-expiratory pres-
sure. According to Cassidy et al . (22), pulmonary capillary
wedge pressure reflects left atrial pressure even at the
highest levels of positive end-expiratory pressure provided
that the criteria for an appropriately wedged catheter are
met. We have confirmed this by comparing pulmonary
capillary wedge pressure with left atrial pressure at positive
end-expiratory pressure levels similar to those used in the
SMISETFI ET AL
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present study (unpublished observations), Deviation be-
tween pulmonary capillary wedge pressure and left atrial
pressure may also occur at zero positive end-expiratory
pressure if the Swan-Ganz catheter is located in a region of
the lung where alveolar pressure exceeds pulmonary venous
pressure (West zones I and 2). In this case, one would not
expect the pressure trace to show characteristic left atrial
pressure waves . If such waves are not observed, the catheter
should be repositioned .
Limitations of the study. In the present study, we mea-
sured pleural rather than intrapericardial pressure . We can-
not eliminate the possibility that the widely split pericardium
may have a significant restraining effect and therefore our
estimate of left ventricular transmural filling pressure (pul-
monary capillary wedge pressure - extracardiac pleural
pressure) could be too high. During positive end-expiratory
pressure, however, pericardial transmural pressure will be
decreased (8) . Therefore, at the higher levels of positive
end-expiratory pressure, extracardiac pleural pressure will
he expected to be very similar to pericardial pressure .
Further studies should be done to determine the magnitude
of the constraining effect of the split pericardium .
The baseline pleural pressures probably were influenced
by the chest surgery, even though part of the study was done
with the chest surgically closed . This, however, should not
invalidate the conclusions regarding the relations between
extracardiac pleural pressure and airway pressure or intra-
cardiac pressures during positive end-expiratory pressure .
Conclusions . In early postoperative patients, positive
end-expiratory pressure caused an increase in extracardiac
pleural pressure and a concomitant decrease in left ventric-
ular end-diastolic area . Transmural filling pressure approxi-
mated as pulmonary capillary wedge pressure - extracar-
diac pleural pressure predicted changes in left ventricular
end-diastolic area .
Fractional transmission of airway pressure to the heart-
lung interface while demonstrating between-patient variation
averaged 70% . Changes in right atria[ pressure with positive
end-expiratory pressure on average were -50% of changes
in extracardiac pleural pressure . The present results sug-
gest two different ways of obtaining an estimate of extra-
ventricular pressure : by using right atrial pressure as a
reflection of external pressure or bra assuming that a fixed
fraction of airway pressure is transmitted . Further studies
should be done to determine whether these relations might
be used to obtain an improved estimate of left ventricular
preload during positive end-expiratory pressure. Finally, a
possible constraining effect of the split pericardium should be
considered .
We thank the entire staff of the operating room and critical care recovery, and
Phyllis Whalen, RN, in particular, for their cnthusiastic assistance with this
study
.
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